Our objective was to determine whether age affects the pharmacokinetics of stavudine (2,3-didehydro-3-deoxythymidine) in the neonatal pig-tailed macaque (Macaca nemestrina). The drug (5 mg/kg of body weight) was administered serially as a single intravenous bolus to the same four macaques at the ages of <1 week, 1 month, and 4 months. Plasma clearance at <1 week of age was significantly lower (P < 0.05) than the corresponding values at 1 month and 4 months. Our data indicate that the pharmacokinetics of stavudine change significantly with age in M. nemestrina.
Heterosexual transmission of the human immunodeficiency virus (HIV) now outranks all other means of transmission. Consequently, the number of children born worldwide to mothers infected with HIV is on the rise. The virus is now the fifth leading cause of death among children in the United States (19) . Zidovudine is the drug recommended for administration to the pregnant woman infected with HIV, as well as to her infant for 6 weeks after birth (6) . However, administration of zidovudine to the pregnant woman and her offspring may not always represent the best therapeutic strategy because of drug intolerance or because of zidovudine-resistant HIV strains. Therefore, there is considerable interest in investigating other dideoxynucleosides with different toxicity and activity profiles in the treatment of pregnant women and infants with HIV.
Stavudine (2Ј,3Ј-didehydro-3Ј-deoxythymidine; d4T) is a dideoxynucleoside active against reverse transcriptase and zidovudine-resistant HIV isolates (12) . Data from phase 1 clinical trials of d4T indicate that the rate of decline in serum p24 antigen is comparable to that seen with zidovudine (5). However, in contrast to zidovudine, the dose-limiting toxicity of d4T is peripheral neuropathy (5) , not anemia and neutropenia.
To optimize d4T therapy of the neonate infected with HIV, the age-related changes in the pharmacokinetics of d4T need to be evaluated. For this reason, we have determined, as part of an ongoing series of investigations, the age-dependent change in the pharmacokinetics of d4T in the neonatal macaque (Macaca nemestrina). We have chosen M. nemestrina for our studies because this species has proven to be an excellent animal model for the study of dideoxynucleoside disposition. Previous studies in our laboratory with zidovudine (14, 15) and dideoxyinosine (ddI) (20, 21) in the adult and infant M. nemestrina have shown that the pharmacokinetics of these drugs, including metabolic clearance and renal clearance, are comparable to those in human adults (10, 11) and infants (4) .
Materials. The drug d4T was a gift from Bristol-Myers Squibb (Syracuse, N.Y.). All other chemicals used were of reagent grade.
Animals. The same four infant M. nemestrina monkeys were studied serially at ages Ͻ1 week (5.75 Ϯ 1.26 days; weight, 0.45 Ϯ 0.054 kg), 1 month (30.7 Ϯ 0.6 days; weight, 0.62 Ϯ 0.14 kg), and 4 months (119.5 Ϯ 1.9 days; weight, 1.10 Ϯ 0.16 kg). The animals were administered a single intravenous (i.v.) bolus dose of d4T (5.0 mg/kg of body weight) through a catheter placed in the cephalic vein while under sedation with ketamine (5 mg/kg, intramuscular). Blood samples were drawn from the femoral vein by venipuncture before and at 5, 10, 15, 30, 60, 90, 120, and 180 min after drug administration; plasma was separated by centrifugation. The total volume of blood drawn did not exceed 3.8 ml in any study. Cerebrospinal fluid (CSF) samples (200 l) were drawn when possible, and blood-contaminated samples were discarded. CSF samples were collected at 60 min (1 week of age, n ϭ 3; 1 month of age, n ϭ 3; 4 months of age, n ϭ 4) and at 90 min (Ͻ1 week of age, n ϭ 3; 4 months of age, n ϭ 2), by cisternal puncture under sedation with ketamine. Because most of our 90-min CSF samples contained blood, they were not analyzed; only the 60-min time points were used to determine the CSF/plasma ratios.
Analytical methods. Concentrations of d4T in plasma (100 l) and CSF (100 l) were determined by a high-performance liquid chromatographic method developed in our laboratory (17) .
Data analysis. Noncompartmental pharmacokinetic parameter estimates and CSF/plasma ratios determined at Ͻ1 week of age were compared with those determined at 1 month and 4 months by using the Kruskal-Wallis test. The results obtained at 1 month also were compared with the corresponding results obtained at 4 months by using the same test. The level of significance was set at 0.05.
Results and discussion. As indicated by the plasma drug concentration-time profiles, the plasma clearance of d4T, after i.v. bolus administration, changes significantly between 1 week and 4 months of age in the neonatal M. nemestrina (Fig. 1) . A minor portion (Ͻ20%) of the area under the plasma drug concentration-versus-time curve at each of the three doses was extrapolated. Thus, the estimates of clearances were obtained with a high degree of precision. Although the dose used here was 5-to 10-fold higher than that used in the clinic, these observations are likely to apply to clinically equivalent doses, since data from our laboratory for adult macaques indicate that the pharmacokinetics of d4T are linear within the range of concentrations observed in this study (17) . The plasma clearance (13.6 Ϯ 1.78 ml/min/kg) at 4 months of age is similar to the clearance (13.9 Ϯ 1.9 ml/min/kg) determined in our laboratory for adult female M. nemestrina (18) and is comparable to plasma clearances of 11.5 Ϯ 2.5, 10.6, and 8.16 Ϯ 2.16 ml/ min/kg observed, respectively, for adult rhesus monkeys (60 mg/kg, i.v.), cynomolgus monkeys (15 mg/kg, i.v.), and humans (1 mg/kg, i.v.) (8, 9, 22) .
In rhesus and cynomolgus monkeys, only 40 to 50% of the radioactivity after a single oral or i.v. dose (25 mg/kg) of radiolabeled d4T is recovered in the urine. The vast majority (Ͼ90%) of this recovered radioactivity is unchanged d4T. The remaining 50 to 60% of the radiolabeled dose is not recovered in urine or feces up to 30 days after drug administration (7) . Likewise, studies with human adults have found that 30 to 40% of the dose is recovered as unchanged d4T in the urine (8) . These data indicate that renal excretion plays an important role in the elimination of d4T in humans and monkeys. Since renal function is poorly developed at birth, it is not surprising that the clearance of d4T in the neonatal macaque changes with age. This change in clearance with age is remarkably similar to that observed by us for neonatal M. nemestrina with both zidovudine and ddI (Fig. 2) (15, 21) .
The rates of increase in clearance of d4T and ddI with age, as percentages of their 4-month values, are virtually parallel, suggesting that for both drugs the same mechanism is responsible for this change. Since both these drugs are significantly cleared by renal excretion, maturation of renal function is the most likely explanation. That is, this parallel change in clearance suggests that the nonrenal clearance of d4T does not change with age. For zidovudine, although the profile of increase in clearance with age is similar to that of the other two drugs, the rate of increase is different. Very likely, the basis for this difference is the fact that zidovudine is cleared almost equally by two pathways, metabolism by glucuronidation and renal excretion (16) . Both these pathways are poorly developed in the neonate (15) .
We observed that the value of steady-state volume of distribution of d4T did not significantly increase with age in neonatal macaques (Table 1) . Since half-life and mean body residence time are parameters determined by both clearance and volume of distribution, the values at 1 week of age would be expected to be larger than those at 4 months. Surprisingly, only the change in mean body residence time reached statistical significance.
The CSF/plasma concentration ratio of d4T increased with age from 0.17 Ϯ 0.02 at Ͻ1 week of age to 0.22 Ϯ 0.02 at 4 months ( Table 2) . These ratios are similar to those reported for adult rhesus monkeys (0.15) at 1 h after drug administration (22) . We also have observed an age-dependent change in CSF/plasma drug concentration ratios for zidovudine and ddI in neonatal macaques (13, 21) . The small but significant changes in the CSF/plasma drug concentration ratios for d4T, zidovudine, and ddI in the neonatal macaque may be attributed to age-related permeability changes in the blood-brain barrier. However, the degree of change observed is unlikely to be of clinical importance. While the CSF/plasma ratios for zidovudine, ddI, and d4T in adult and infant macaques are similar, the octanol/water partition coefficient values for zidovudine (0.98 [3] ), ddI (0.07 [1] ), and d4T (0.18 [3] ) are very different. We have previously reported that the steady-state 
